Abstract: Entanglement of light and atomic electronic polarization excited during single-pass stimulated Raman scattering is shown to be decomposable into multiple bosonic mode pairs, each pair undergoing independent evolution into a two-mode squeezed state.
Introduction
Efficient entanglement generation, distribution and storage are the basic requirements for development of successful quantum information technologies, including proposals for realizing quantum information networks. They include entanglement generation by Raman scattering, storage in collective polarization of atomic ensembles and release by anti-Stokes Raman scattering.
We analyze quantum entanglement of Stokes light and atomic electronic polarization excited during single-pass, linear-regime, stimulated Raman scattering, in terms of optical wave-packet modes and atomic-ensemble spatial modes. The output of this process is confirmed to be decomposable into multiple discrete, bosonic mode pairs, each pair undergoing independent evolution into a two-mode squeezed state. For this we extend the Bloch-Messiah reduction theorem, previously known for discrete linear systems [1] . We present typical wave functions of these spatial-temporal modes in the case of one-dimensional propagation in an atomic vapor. We find that in the absence of dispersion, one mode pair dominates the process, leading to a simple interpretation of entanglement in this continuous-variable system. However, many mode pairs are excited in the case of significant temporal walk-off of the Stokes, as witnessed by the photon-count statistics. We also consider the coherent readout of the stored atomic polarization using the anti-Stokes scattering process. We prove that the readout process can also be decomposed into multiple mode pairs, each pair undergoing independent evolution analogous to a beam-splitter transformation. We also show that this process can have unit efficiency under realistic experimental conditions.
We restrict ourselves to a one-dimensional model, which is justified approximately in the case when the Fresnel number of the pump beam equals unity or less [2] . However, we include the effects of dispersion in the vapor, which introduces appreciable group-velocity difference (GVD) between the pump and scattered wave. We find that dispersion significantly increases the number of independent wave-packet modes excited in the Raman scattering process, since the Stokes photons born in different parts of the medium become distinguishable by their delay respective to the pump pulse. 
The output solution at z=L and t=T are given in terms of input operators at z=0 and t=-T. Our main new result is a proof that the Green functions can be decomposed into input-output mode pairs:
where ! n is the two-mode squeezing parameter for a given light-atom mode pair. That is, if the input fields are expanded in terms of input modes ! n (in) (t), ! n (in) (z) and corresponding input annihilation operators a ! n
, b ! n (in) , while the output fields are expanded in terms of output modes ! n (out ) (t), ! n (out ) (z) and corresponding output annihilation
, b ! n (out ) , then we find that this complicated continuous-variable evolution breaks into a countable set of independent Bogoliubov transformations:
Each of these two-mode squeezing transformations entangles a particular temporal mode of the Stokes field with a partner spatial mode of the medium. This is a powerful tool for analyzing and controlling entanglement in a continuous-variable system.
We performed a numerical singular-value decomposition to construct the modes and corresponding singular values cosh! n and sinh! n . Figure 2 shows the impact of GVD. Plotted is the mean number of photons in each characteristic output mode, given by n n = sinh 2 ! n . The histograms are for coupling strength yielding average total number of Stokes photons = 10 6 for three values of the difference of the inverse group velocities of the pump and Stokes pulses (black bar): 0 mismatch; (grey bars): -10 ps/mm, and (empty bars) -30 ps/mm. The zero-GVD case shows the known result that a single wave-packet mode strongly dominates the SRS [2, 3] . The other two cases show that GVD weakens this dominance rapidly.
In the case of high GVD, the spatial-temporal interaction region is divided into several independent regions, in which photons scattered in distinct parts of the cell do not have a chance to meet each other. Thus several uncorrelated temporal modes take part in the process and become significantly occupied.
As mentioned in the Introduction, we applied a similar temporal-spatial-mode analysis to the readout of the stored atomic polarization using an anti-Stokes scattering process. We find that this process can have unit efficiency, and that under achievable conditions the output light mode contains excitations originating only from a specified atomic excitation mode.
